














学校编码：10384                                           密级       









硕 士 学 位 论 文 
   
 
九龙江流域水足迹研究 






指导教师姓名：曹 文 志 教 授 
专  业 名 称：环  境  管  理 
论文提交日期： 2013  年 6 月 





























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             




























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于  年  月  日解密，解密后适用上述授权。 




















目  录 
 
摘 要........................................................................................................... I 
图表目录 ................................................................................................... V 
第 1 章 绪论 .............................................................................................. 1 
第 2 章 研究综述 ...................................................................................... 2 
2.1 基本概念......................................................................................................... 2 
2.1.1 虚拟水的概念...................................................................................... 2 
2.1.2 水足迹的概念...................................................................................... 2 
2.1.3 虚拟水和水足迹的关系...................................................................... 3 
2.2 计算方法......................................................................................................... 3 
2.2.1 虚拟水的计算方法.............................................................................. 3 
2.2.2 水足迹的计算方法.............................................................................. 4 
2.3 虚拟水应用...................................................................................................... 5 
2.3.1 产品虚拟水含量.................................................................................. 5 
2.3.2 虚拟水贸易流量.................................................................................. 6 
2.3.3 虚拟水战略.......................................................................................... 7 
2.4 水足迹应用...................................................................................................... 8 
2.4.1 国外研究.............................................................................................. 8 
2.4.2 国内研究.............................................................................................. 8 
2.5 水足迹评价..................................................................................................... 9 
2.6 水资源预测................................................................................................... 10 
2.7 水足迹研究的不足....................................................................................... 11 
第 3 章 研究内容和技术路线 ................................................................ 13 
3.1 研究目标....................................................................................................... 13 
3.2 研究内容....................................................................................................... 13 
3.3 技术路线....................................................................................................... 13 
第 4 章 研究区概况 ................................................................................ 15 
4.1 自然地理....................................................................................................... 15 
4.2 社会经济....................................................................................................... 16 
4.3 水文水资源................................................................................................... 16 
第 5 章 研究方法和数据来源 ................................................................ 17 
5.1 虚拟水的计算............................................................................................... 17 
















5.1.2 动物产品虚拟水................................................................................ 18 
5.1.3 工业消费品虚拟水............................................................................ 18 
5.1.4 进出口贸易虚拟水............................................................................ 19 
5.2 水足迹的计算............................................................................................... 20 
5.3 水足迹评价指标........................................................................................... 21 
5.3.1 区域水足迹结构指标........................................................................ 22 
5.3.2 区域水足迹效益指标........................................................................ 22 
5.3.3 区域水资源生态安全指标................................................................ 24 
5.3.4 水资源可持续性能指标.................................................................... 24 
5.4 基础数据来源............................................................................................... 26 
第 6 章 水足迹计算结果 ........................................................................ 27 
6.1 水足迹计算账户........................................................................................... 27 
6.2 农产品虚拟水含量....................................................................................... 30 
6.3 居民生活水足迹........................................................................................... 35 
6.4 进出口贸易虚拟水量................................................................................... 36 
第 7 章 水足迹评价 ................................................................................ 37 
7.1 水足迹结构评价........................................................................................... 37 
7.1.1 水足迹产业结构................................................................................ 37 
7.1.2 农业种植水足迹结构........................................................................ 38 
7.1.3 居民消费结构.................................................................................... 40 
7.2 水足迹与水资源........................................................................................... 44 
7.3 水足迹评价指标体系................................................................................... 45 
7.3.1 评价指标体系.................................................................................... 45 
7.3.2 水足迹综合评价指标........................................................................ 49 
7.4 评价指标比较............................................................................................... 54 
第 8 章 水足迹预测 ................................................................................ 59 
8.1 水足迹驱动力分析....................................................................................... 59 
8.2 情景预测模型的构建................................................................................... 61 
8.2.1 预测主题............................................................................................ 61 
8.2.2  STIRPAT 方程 ................................................................................. 61 
8.2.3 影响因素的确定................................................................................ 61 
8.2.4 预测模型............................................................................................ 62 
8.3 预测情景的构建........................................................................................... 63 
8.3.1 情景框架............................................................................................ 63 
8.3.2 情景具体化........................................................................................ 66 
8.4 水足迹的情景预测....................................................................................... 69 
8.4.1 情景预测过程.................................................................................... 69 
8.4.2 情景预测分析.................................................................................... 74 
















8.6 水足迹动态预测........................................................................................... 78 
8.7 库兹涅茨曲线的应用................................................................................... 80 
8.7.1 库兹涅茨曲线.................................................................................... 80 
8.7.2 水足迹库兹涅茨曲线........................................................................ 81 
8.8 预测小结....................................................................................................... 84 
8.8.1 发展模式的评价................................................................................ 84 
8.8.2 发展情景的构想................................................................................ 85 
第 9 章 水资源适应性分析 .................................................................... 86 
9.1 适应性分析................................................................................................... 86 
9.1.1 基于水足迹结构的问题分析............................................................ 86 
9.1.2 基于情景预测的启示分析................................................................ 86 
9.2 适应性对策................................................................................................... 86 
第 10 章 总结和建议 .............................................................................. 90 
10.1 研究结论..................................................................................................... 90 
10.2 成果和创新点............................................................................................. 91 
10.3 不足之处..................................................................................................... 91 
10.4 研究展望..................................................................................................... 92 
参考文献 .................................................................................................. 93 
附录：研究生阶段科研经历 .................................................................. 98 



























 Content  
Abstract  ................................................................................................... III 
Content of tables and figures .................................................................. VII 
1 Preface...................................................................................................... 1 
2 Literature review  .................................................................................... 2 
2.1 Basic concept ................................................................................................... 2 
2.1.1 Concept of virtual water........................................................................ 2 
2.1.2 Concept of water footprint .................................................................... 2 
2.1.3 Relationship between virtual water and water footprint ....................... 3 
2.2 Calculation method  ........................................................................................ 3 
2.2.1 Calculation method of virtual water  ................................................... 3 
2.2.2 Calculation method of water footprint .................................................. 4 
2.3 Application of virtual water ............................................................................. 5 
2.3.1 Virtual water content of products .......................................................... 5 
2.3.2 Virtual water flow in trade .................................................................... 6 
2.3.3 Virtual water strategy ............................................................................ 7 
2.4 Application of water footprint .......................................................................... 8 
2.4.1 Foreign study ........................................................................................ 8 
2.4.2 Domestic study...................................................................................... 8 
2.5 Water footprint evaluation ............................................................................... 9 
2.6 Water resource prediction .............................................................................. 10 
2.7 Shortages of water footprint study ................................................................. 11 
3 Content and approach ............................................................................ 13 
3.1 Study objective............................................................................................... 13 
3.2 Study content ................................................................................................. 13 
3.3 Approach ........................................................................................................ 13 
4 Study site description ............................................................................. 15 
4.1 Natural geography .......................................................................................... 15 
4.2 Social economic ............................................................................................. 16 
4.3 Hydrology and water resource ....................................................................... 16 
5 Study methods and data sources ............................................................ 17 
5.1 Virtual water calculation ................................................................................ 17 
5.1.1 Virtual water of crops .......................................................................... 17 
5.1.2 Virtual water of animals ...................................................................... 18 
5.1.3 Virtual water of industrial products .................................................... 18 
5.1.4 Virtual water in trade........................................................................... 19 
5.2 Water footprint calculation ............................................................................. 20 
5.3 Evaluation indexes of virtual water ............................................................... 21 
5.3.1 Structural indexes................................................................................ 22 
5.3.2 Performance indexes ........................................................................... 22 
















5.3.4 Sustainability indexes ......................................................................... 24 
5.5 Basic data sources .......................................................................................... 26 
6 Water footprint calculation results ......................................................... 27 
6.1 Water footprint account .................................................................................. 27 
6.2 Agricultural virtual water content .................................................................. 30 
6.3 Domestic water footprint ............................................................................... 35 
6.4 Virtual water in trade...................................................................................... 36 
7 Water footprint evaluation ..................................................................... 37 
7.1 Structural evaluation ...................................................................................... 37 
7.1.1 Industrial structure .............................................................................. 37 
7.1.2 Agricultural structure .......................................................................... 38 
7.1.3 Consuming structure ........................................................................... 40 
7.2 Water footprint and water resource ................................................................ 44 
7.3 Evaluation indexes framework of water footprint ......................................... 45 
7.3.1 Evaluation indexes framework ........................................................... 45 
7.3.2 Comprehensive evaluation index ........................................................ 49 
7.4 Comparison of evaluation indexes ................................................................. 54 
8 Water footprint prediction ...................................................................... 59 
8.1 Driving factors analysis ................................................................................. 59 
8.2 Establishment of scenario prediction model .................................................. 61 
8.2.1 Prediction theme ................................................................................. 61 
8.2.2 STIRPAT equation .............................................................................. 61 
8.2.3 Influence factors.................................................................................. 61 
8.2.4 Prediction model ................................................................................. 62 
8.3 Establishment of prediction scenarios ........................................................... 63 
8.3.1 Scenario framework ............................................................................ 63 
8.3.2 Scenarios materialization .................................................................... 66 
8.4 Scenario prediction of water footprint ........................................................... 69 
8.4.1 Scenario prediction process ................................................................ 69 
8.4.2 Scenario prediction analysis ............................................................... 74 
8.5 Evaluation of scenario prediction .................................................................. 75 
8.6 The dynamic prediction of water footprint .................................................... 78 
8.7 Application of Kuznets curve......................................................................... 80 
8.7.1 Kuznets Curve ..................................................................................... 80 
8.7.2 Kuznets Curve of water footprint ....................................................... 81 
8.8 Summary of prediction .................................................................................. 84 
8.8.1 Evaluation of development pattern ..................................................... 84 
8.8.2 Development scenario advices ............................................................ 85 
9 Adaptive research of water resource ...................................................... 86 
9.1 Adaptive analysis ........................................................................................... 86 
9.1.1 Problem analysis based on water footprint structure .......................... 86 
















9.2 Adaptive measurements ................................................................................. 86 
10 Summary and advices .......................................................................... 90 
10.1 Conclusions .................................................................................................. 90 
10.2 Achievements and innovation points ........................................................... 91 
10.3 Shortages ...................................................................................................... 91 
10.4 Research prospect ........................................................................................ 92 
References ................................................................................................. 93 
Appendix ................................................................................................... 98 






















































    水足迹理论已经得到了广泛的应用，但多数研究集中于对具体农作物的虚拟
水计算和某行政区域的水足迹计算，缺乏在流域范围的具体应用，同时也缺乏系
统的评价体系和有效的预测方法。 

















































































  Water resource is the basic requirement and strategic resource for supporting the 
sustainable development of a region. In China, the public generally focus on the 
northern arid region and ignore the water resource risks in humid South China. Water 
footprint, which is established on the base of virtual water, only has about 10 years’ 
history. Water footprint makes up the ignorance to soil water (green water) and virtual 
water in trade. The concept also expands the denotation and connotation of water 
resource assessment system immensely.  
  The water footprint theory has been applied widely. Most studies focus on the 
calculation of specific crops and the water footprint of some administrative region but 
applications in a basin perimeter are quite rare. Systematic assessment method and 
effective prediction methods are also needed for water footprint studies.  
  In this study, Jiulong River Watershed, a typical subtropical watershed, is chosen as 
the subject. The water footprint account during 2002-2011 is established to research 
the characteristics and variation rules. Then a systematic assessment system on water 
footprint is improved and applied to the watershed. Based on the water footprint 
account, a regression prediction model is established with the main influence factors 
to predict the water footprint variation in future under four development scenarios. 
Finally, a proper development model is advised and adaptive measurements are put 
forward in the watershed. The main conlusions are shown as following: 
(1) The water footprint of Jiulong River Watershed represented the trend of pristine 
scale growth and the average annual growth rate was about 2%. The agricultural 
footprint dominated the total footprint and was growing obviously as well as the 
industrial water footprint. The efficiency of agricultural irrigation and fertilization has 
been improved. The virtual water consuming proportion of animal food in rural 
regions has increased while in urban regions the proportion of that has decreased. 
  (2) In the watershed, the self-sufficiency rate of water resource stayed at extremely 
high stage and the agricultural water proportion were almost stable. In the watershed 
















an export-oriented region with growing output ability of virtual water. The water 
scarcity was quite low but the trend of water footprint indicated unsustainability. As a 
whole, the comprehensive assessment index fluctuated at better stage (about 0.6 
point), but risks existed under extreme situation.  
  (3) Significant correlations exist between water footprint per capita with important 
influence factors like population, economy and technology. The water footprint in the 
watershed will all increase under four prediction scenarios until 2025. Four prediction 
scenarios could be arranged in descending order of average annual increase rate as the 
order of “Global orchestration”, “Adapting mosaic”, “Order from strength” and 
“Techno garden”. The development trend of water footprint at president is most close 
to “Global orchestration” scenario. The “Techno garden” development pattern is 
advised to adjust the strategy in order to deal with water resource pressure in future. 
  (4) The relationship between water footprint and GDP per capita fits the “N” style 
environmental Kuznets curve. There will be an inflection point under all prediction 
scenarios before 2020. The growth of economic will still dominate the increase of 
water footprint in future.  
  (5) Following adaptive measurements are advised: improve and apply water saving 
technology; improve the recycling efficiency of water resource; adjust the industrial 
structure; propose scientific consuming pattern; allocate water resource scientifically; 
take full advantage of virtual water strategy. 
 
Key Words: Jiulong River Watershed; water footprint; assessment indexes; scenario 
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